INTRODUCTION
============

Wearable electronic devices capable of real-time monitoring of the human body can provide new ways to manage the health status and performance of individuals ([@R1]--[@R7]). Stretchable and skin-like electronics, combined with wireless communications, enable noninvasive and comfortable physiological measurements by replacing the conventional methods that use penetrating needles, rigid circuit boards, terminal connections, and power supplies ([@R8]--[@R12]). Given this background, a smart contact lens is a promising example of a wearable, health monitoring device ([@R13], [@R14]). The reliability and stability of soft contact lenses have been studied extensively, and significant advances have been made to minimize irritation of the eye to maximize the user's comfort. In addition, the user's tears can be collected in the contact lens by completely natural means, such as normal secretion and blinking, and used to assess various biomarkers found in the blood, such as glucose, cholesterol, sodium ions, and potassium ions ([@R13]). Thus, lens equipped with sensors can provide noninvasive methods to continuously detect metabolites in tears. Among various biomarkers, noninvasive detection of glucose levels for the diagnosis of diabetes has been studied in numerous ways to replace conventional invasive diagnostic tests (for example, finger pricking for drawing blood), as presented in table S1. By considering the correlation between the tear glucose level and blood glucose level ([@R15]), a glucose sensor fitted on a contact lens can provide the noninvasive monitoring of user's glucose levels from tear fluids with a consideration of the lag time between tear glucose level and blood glucose level in the range of 10 to 20 min ([@R13]--[@R16]).

Although such a system provides many capabilities, there are some crucial issues that must be addressed before practical uses of smart contact lens can be realized. These issues include (i) the use of opaque electronic materials for sensors, integrated circuit (IC) chips, metal antennas, and interconnects that can block users' vision ([@R15], [@R17], [@R18]); (ii) the integration of the components of the electronic device on flat and plastic substrates, resulting in buckled deformations when transformed into the curved shape for lenses, thereby creating foreign objects that can irritate users' eyes and eyelids ([@R19]); (iii) the brittle and rigid materials of the integrated electronic system, such as surface-mounted IC chips and rigid interconnects, which could damage the cornea or the eyelid ([@R20]--[@R22]); and (iv) the requirement for bulky and expensive equipment for signal measurements, which limits the use of smart contact lenses outside of research laboratories or clinical settings by restricting users' external activities ([@R14], [@R15], [@R20], [@R23]).

For all of the reasons stated above, we have introduced an unconventional approach for the fabrication of a soft, smart contact lens where all of the electronic components are designed with normal usability in mind. For example, the wearer's view will not be obstructed because the contact lenses are made of transparent nanomaterials. In addition, these lenses provide superb reliability because they can undergo the mechanical deformations required to fit them into the soft lens without damage. The planar, mesh-like structures of the components of the device and their interconnects enable high stretchability for the curved soft lens with no buckling. In addition, display pixels integrated in the smart contact lens allow access to real-time sensing data to eliminate the need for additional measurement equipment.

To achieve these goals, we used three strategies, as described as follows: (i) For the design of soft contact lens, we formed soft contact lenses with highly transparent and stress-tunable hybrid structures, which are composed of mechanically reinforced islands to locate discrete electronic devices (such as rectifying circuits and display pixels) and elastic joints to locate a stretchable, transparent antenna and interconnect electrodes. The reinforced frames with small segments were made of a photo-patternable polymer, and the elastic parts were formed using a silicone elastomer, a conventional material for the soft contact lens. This contact lens based on the hybrid substrate, in which the reinforced islands were embedded inside an elastic layer, can effectively distribute the mechanical strain and protect ordinary electronics from mechanical deformations of the soft lens. Although the concept of using hybrid substrates for stretchable electronics has been reported previously, the use of hybrid substrates can degrade the optical properties of the resulting films significantly, leaving them with low transparency and high haze due to the difference in the refractive indices (*n*) of heterogeneous materials ([@R24]--[@R29]). Obviously, contact lenses should not obstruct the wearer's view, and they must have both high transparency and low haze for optical clarity. Thus, our hybrid substrate is composed of heterogeneous materials with negligible deviations in the refractive indices of the reinforced parts and the elastomer (Δ*n* = \~0.003). This index-matching approach can provide the wearer with a clear view, that is, outstanding transparency (93% in the visible light regime) and low haze (1.6% in the visible light regime). In addition, the elastic portion (conventional soft contact lens material) was maximized (more than 96.7%) in the total area of the contact lens for high oxygen permeability (Dk of 340.0 U). (ii) For the stretchable and transparent electrodes for antenna and interconnects, the electrodes for these passive components occupy relatively large areas of the final IC, so they must have high transparency and stretchability to be shaped into soft lens ([@R14], [@R30]--[@R32]). Thus, one-dimensional (1D), ultralong metal nanofibers (mNFs) were directly electrospun as continuous networks to create transparent and stretchable electrodes ([@R33]). Charge transport occurs along these 1D metallic pathways, and their ultralong length facilitates the reduction of sheet resistance (*R*~s~) by minimizing the number of junctions between the metal fibers. For example, random networks of these electrospun mNFs can present the wide ranges of superior *R*~s~ and transparency (\~1.3 ohm/sq with the transmittance of 90% or \~0.3 ohm/sq with the transmittance of 72% in the visible wavelength regime) by modulating the area fraction of mNFs. In addition, they also exhibit the outstanding stretchability (\~30% in tensile strain), so they can be suitable as electrodes for interconnects in soft, smart contact lenses. In particular, their in-plane stretchability can prevent mechanical buckling of devices on a soft lens to delay the irritation of the eye or eyelid caused by feeling the presence of foreign objects. (iii) For wireless display pixels to visualize glucose levels in real time, after a graphene sensor detects the glucose concentration in the tears, the transparent and stretchable antenna with a rectifier drives the pixels of the light-emitting diode (LED) to display real-time sensing information wirelessly. For example, in this wireless circuit system, tear fluids with glucose concentration above the threshold will turn off the LED pixel. It is the first approach to apply the display pixel into a soft contact lens to visualize glucose sensing, which can be used to screen for prediabetes and monitor the glucose level daily, without the requirement of additional, bulky, and expensive measurement equipment.

In addition, wireless operations of this smart contact lens can maintain the eye temperature stably without abrupt heating, ensuring the safety of the wearer's eyes. Furthermore, in vivo tests using a live rabbit demonstrated its reliable operation without noticeable adverse effects. Therefore, this soft, smart contact lens provides a platform for wireless, continuous, and noninvasive monitoring of physiological conditions, as well as the detection of biomarkers associated with ocular and other diseases. In addition, it offers the potential for expanded applicability in other areas, such as smart devices for drug delivery and augmented reality.

RESULTS
=======

Soft, smart contact lens system using stretchable and transparent devices
-------------------------------------------------------------------------

[Figure 1A](#F1){ref-type="fig"} shows the layouts on the soft, smart contact lens where the glucose sensor, wireless power transfer circuit, and display pixel are fully integrated using transparent and stretchable interconnects. The main concept of this soft, smart contact lens system is the ability to monitor the status of the wearer's health wirelessly (that is, the glucose level in tears) through the LED pixel. For wireless operations, the transparent and stretchable inductive antenna and rectifier circuit were used in this system as the power transfer circuit. This power transfer circuit can wirelessly receive the power with ac signals using this antenna. The rectifier, which is composed of Si diodes and a capacitor, is integrated with the antenna to convert the ac signal into dc. More details about their fabrication steps are provided in the Supplementary Materials and Methods. The rectified dc power turns on the LED pixel and glucose sensor. Stress-tunable hybrid structures of the substrate (with mechanically reinforced islands and elastic joints) are used to protect these electronic devices from mechanical deformations of the soft lens. The rectifier circuit, glucose sensor, and LED pixel are located on the reinforced areas of this hybrid substrate. In addition, the stretchable antenna and interconnects are formed on the elastic regions, which are composed of a silicone elastomer, a commercial material for soft contact lenses. After the full integration with the glucose sensor and LED pixel, the transformation of the resulting sample with devices into the shape of a lens completes the fabrication of the soft, smart contact lens. More details of this fabrication procedure are presented in Materials and Methods and in movie S1.

![Stretchable, transparent smart contact lens system.\
(**A**) Schematic illustration of the soft, smart contact lens. The soft, smart contact lens is composed of a hybrid substrate, functional devices (rectifier, LED, and glucose sensor), and a transparent, stretchable conductor (for antenna and interconnects). (**B**) Circuit diagram of the smart contact lens system. (**C**) Operation of this soft, smart contact lens. Electric power is wirelessly transmitted to the lens through the antenna. This power activates the LED pixel and the glucose sensor. After detecting the glucose level in tear fluid above the threshold, this pixel turns off.](aap9841-F1){#F1}

[Figure 1B](#F1){ref-type="fig"} shows the circuit diagram of the smart contact lens. In this smart lens, the antenna receives radio frequency (RF) signals from a transmitter (transmission distance, \<9 mm), and the rectifier \[combination of diode and capacitor (Cap.)\] converts the ac signals into dc to turn on the LED and operate the sensor. The main mechanism of this contact lens to detect glucose levels is illustrated in [Fig. 1C](#F1){ref-type="fig"}. Exposure to tear fluid with a glucose concentration above the threshold induces a reduction in the sensor resistance. This reduction in the sensor resistance decreases the resistance of the parallel circuit of the LED and sensor, whereas the resistance of other components (antenna and rectifier) in the system is constant. The bias applied to the parallel circuit of the LED and sensor reduces under the constantly applied voltage condition. This difference in the bias applied to the LED pixel can turn it on or off.

Stretchable and transparent hybrid substrate
--------------------------------------------

To use rigid electronic devices (for example, the LED pixel and rectifier circuit with Si diodes and a capacitor) in a stretchable system, the mechanical strain and fatigue applied on these devices should be relieved. For this purpose, a substrate was formed with the hybrid structure in which the mechanically reinforced islands are embedded inside a reversibly elastic layer. [Figure 2A](#F2){ref-type="fig"} illustrates this hybrid substrate before or after stretching. For the fabrication of this hybrid substrate, the mechanically reinforced islands (OP) of a photocurable optical polymer (SPC-414; *E*~OP~ = \~360 MPa) were photolithographically patterned with micrometer sizes (thickness, \~50 μm) on an 800-nm-thick Cu sacrificial layer. Then, the silicone elastomeric layer (LENS) of a soft contact lens material (elastofilcon A; *E*~LENS~ = \~0.09 MPa) was coated successively to embed these reinforced parts with its thickness of \~100 μm. Eliminating the Cu sacrificial layer completed the formation of the hybrid substrate. More details about this fabrication procedure are provided in Materials and Methods and in fig. S1.

![Properties of a stretchable and transparent hybrid substrate.\
(**A**) Schematic image of the hybrid substrate where the reinforced islands are embedded in the elastic substrate. (**B**) SEM images before (top) and during (bottom) 30% stretching. The arrow indicates the direction of stretching direction. Scale bars, 500 μm. (**C**) Effective strains on each part along the stretching direction indicated in (B). (**D**) AFM image of the hybrid substrate. Black and blue arrows indicate the elastic region and the reinforced island, respectively. Scale bar, 5 μm. (**E**) Photograph of the hybrid substrates molded into contact lens shape. Scale bar, 1 cm. (**F**) Optical transmittance (black) and haze (red) spectra of the hybrid substrate. (**G**) Schematic diagram of the photographing method to identify the optical clarity of hybrid substrates. (**H**) Photographs taken by camera where the OP-LENS--based hybrid substrate (left) and the SU8-LENS--based hybrid substrate (right) are located on the camera lens.](aap9841-F2){#F2}

The capability to reduce the mechanical strain applied on these islands was confirmed by the stretching test of this hybrid substrate ([Fig. 2](#F2){ref-type="fig"}, B and C). Although this hybrid film was stretched up to 30% in tensile strain, negligible strain (\~0%) was applied on the reinforced islands, and the elastic region was mainly stretched because of the significant difference in Young's modulus ([@R24], [@R27], [@R28]). In addition, [Fig. 2B](#F2){ref-type="fig"} shows that there were no gaps at the interfaces between these heterogeneous regions even during the stretching states (30% in tensile strain). Hence, these results indicate that our hybrid substrate system can offer sufficient stretchability over the entire region, whereas the brittle inorganic devices (LED, Si diode, and capacitor for the rectifier), which are located on the reinforced islands, can be protected from the mechanical deformations.

[Figure 2D](#F2){ref-type="fig"} and fig. S2 present the atomic force microscopy (AFM) and scanning electron microscopy (SEM) images of the hybrid substrate with continuous interfaces between the reinforced and elastic areas. The root-mean-square (rms) surface roughness of the entire regime and the height difference at this interface were measured and found to be less than 3 and 5 nm, respectively. This nearly flat interface is advantageous in reducing light scattering from the interfacial surface, and it is in close contact with masks for photolithography. In addition, the optical characteristics of this hybrid film, such as its transparency and haze, are also important for its use as a contact lens. The difference in refractive indices of the reinforced islands and elastic parts can cause light scattering and decrease optical transparency by increasing the haze, which will disturb the wearer's vision ([@R34]). Therefore, the refractive indices of the silicone elastomer (*n* = 1.41) and the photocurable optical polymer for the reinforced patterns (*n* = 1.407) are similarly matched. As an example, [Fig. 2E](#F2){ref-type="fig"} shows a photograph of a transparent contact lens produced using this hybrid film. This film (thickness, 100 μm) comprised the 6 × 6 array of the reinforced patterns (the pair of right-angled triangle shape, each of which measured 500 μm in length and 50 μm in thickness) with elastic space of 200 μm, and the elastomer part occupied \~40% of the entire area of the film. [Figure 2F](#F2){ref-type="fig"} shows that this hybrid substrate exhibited superb optical transmittance (\~93% at 550 nm) and low haze (\~1.6% at 550 nm). This low haze value of the hybrid was similar to the case of a bare elastomer film with no heterogeneous part (\~1.3% at 550 nm; fig. S3). In addition, the hybrid substrate preserved its transmittance and haze against its mechanical stretching (from 0 to 30% in tensile strain) (fig. S4).

To show the effect of refractive index on the wearer's vision, two different kinds of hybrid films were formed using the same silicone elastomer, that is, (i) one using OP as the reinforced parts and (ii) the other using SU8 epoxy polymer as the reinforced parts (*n* = 1.595). Then, after attaching these two different films onto the lens of a camera, photographs were made, as illustrated in [Fig. 2G](#F2){ref-type="fig"} (an original photograph taken with no film is shown in fig. S5). [Figure 2H](#F2){ref-type="fig"} demonstrates that the OP-LENS hybrid film (Δ*n* = 0.003) provides a clearer image with lower haze than the SU8-LENS hybrid substrate (Δ*n* = 0.185). This result means that the hybrid substrate with the well-matched refractive indices can prevent interference with the wearer's field of view.

Characteristics of the wireless display on the hybrid substrate
---------------------------------------------------------------

The electrical and mechanical properties of the wireless display fabricated on a contact lens using the hybrid substrate were investigated, as shown in [Fig. 3](#F3){ref-type="fig"}. This wireless display was composed of three electronic components (antenna, rectifier, and LED pixel), and these three parts were integrated and fabricated on an 800-nm-thick Cu sacrificial layer deposited on the Si wafer. After coating a 500-nm-thick parylene film on the Cu layer, the Si diodes and a SiO~2~-based capacitor were connected in series as a rectifier circuit. Subsequently, the LED pixel was bonded using a silver epoxy glue. After the formation of the stretchable antenna and interconnects, the local patterns of the optical polymer (thickness, \~50 μm) selectively covered only the integrated form of the rectifier and LED and left the antenna and residual regions uncovered. After casting the silicone elastic layer (thickness, \~100 μm), removing the Cu sacrificial layer using wet etching, and flipping over the resulting film, the formation of the wireless display on the hybrid substrate was completed, where the rectifier and LED were embedded inside the reinforced region (OP) and the antenna and interconnects inside the elastic area (LENS), respectively. More details about the design and fabrication of the wireless circuit are described in figs. S6 and S7 and in Materials and Methods. [Figure 3A](#F3){ref-type="fig"} illustrates the schematic layout of this wireless display.

![Wireless display circuit on the hybrid substrate.\
(**A**) Schematic image of the wireless display circuit. The rectifier and LED are in the reinforced regions. The transparent, stretchable AgNF-based antenna and interconnects are in an elastic region. (**B**) Relative change in transmitted voltage by antenna as a function of applied strain. (**C**) Characteristics of Si diode on the hybrid substrate by applying 0 and 30% in tensile strain. (**D**) Rectified properties of the fabricated rectifier. (**E**) Photograph of wireless display on the hybrid substrate. Scale bar, 1 cm. (**F**) Photographs (left, off-state; right, on-state) of operating wireless display with lens shape located on the artificial eye. Scale bars, 1 cm.](aap9841-F3){#F3}

Here, continuous networks of 1D, ultralong Ag nanofibers (AgNFs) were used as stretchable and transparent electrodes for the antenna and interconnects. A higher area fraction, which means higher density of AgNFs, can be formed by electrospinning for a longer period of time, and fig. S8A plots the *R*~s~ and optical transmittance of these AgNF networks as a function of the area fraction. Both *R*~s~ and transmittance decreased because their area fractions increased. AgNF networks with an area fraction of 0.2 had a low *R*~s~ value of 0.3 ohm/sq (with transmittance of 72%). In addition, the AgNF networks exhibited good mechanical stretchability (with Δ*R*/*R*~0~ less than 10% under a tensile strain of 30%), as plotted in fig. S8B. Thus, this sample showed superior mechanical durability as a form of the antennas structure on curvilinear surfaces such as contact lenses. The AgNF networks (maximum thickness, 2 μm) were patterned for the antenna with a single-loop structure (diameter of antenna, 12 mm; width, 0.5 mm), as shown in [Fig. 3A](#F3){ref-type="fig"}. This single-loop antenna of the smart lens, which can be located outside the pupil of a person's eye (diameter of pupil, \~6 mm), prevents interference with the wearer's field of view. Figure S8C presents the power transfer efficiency of this antenna measured at the distance of 5 mm from a transmitting coil, and the antenna most effectively absorbed RF energy at the frequency of 50 MHz, with a power transfer efficiency of 21.5%. In addition, the antenna received sufficient voltage (more than 10 V) to turn on LEDs wirelessly at 50 MHz (fig. S8D). Because of the outstanding stretchability of AgNF networks, the antenna inside the elastic region of the smart contact lens had a stable performance at 50 MHz with negligible degradation of power reception, even after mechanical stretching up to 30% in tensile strain ([Fig. 3B](#F3){ref-type="fig"}).

For the conversion of the wirelessly transmitted ac bias to dc, a rectifier needs to be integrated into the antenna. The rectifier consisted of Si nanomembrane diodes connected with a capacitor in series, and the characteristics of the individual devices, with dimensions of 1.8 × 0.8 mm, are described in fig. S9. This rectifier was embedded inside the reinforced region of the lens and located outside the pupil where it would not interfere with the wearer's field of vision. [Figure 3C](#F3){ref-type="fig"} shows that the Si diodes in this rectifier had a negligible change in their electrical performance even during the stretching state (30% in tensile strain) due to the hybrid substrate. This result proves that the hybrid substrate can protect ordinary electronics from mechanical fractures. In addition, the rectifier converts the ac signal at 50 MHz into a dc bias of 10 V~rms~ ([Fig. 3D](#F3){ref-type="fig"}).

The fabricated wireless display system, including the antenna, rectifier, and LED, using the hybrid substrate is stretchable, but it is flat, as shown in [Fig. 3E](#F3){ref-type="fig"}. This flat and stretchable sample can be molded into a contact lens shape, as shown in fig. S10 and movie S1. [Figure 3F](#F3){ref-type="fig"} shows the resulting soft contact lens (after molding) on an artificial eye. The resulting smart contact lens can receive inductively coupled ac power wirelessly from a transmitting coil (at 50 MHz) at the distance of 5 mm. Then, the transmitted ac signal can be rectified through the half-wave rectifying circuit to dc power to turn on the LED pixel ([Fig. 3F](#F3){ref-type="fig"} and movie S2). Because the elastic area of the smart contact lens absorbs most of the applied strain, the integrated devices can operate reliably in the form of a soft contact lens.

Glucose sensing with integrated smart contact lens
--------------------------------------------------

The wireless display was subsequently integrated with a glucose sensor to produce a soft, smart contact lens that can respond to the changes in glucose level and simultaneously display the sensing information through the LED pixel ([Fig. 1C](#F1){ref-type="fig"}). The main mechanism of glucose sensing in this system is that for the selective and sensitive glucose detection, glucose oxidase (GOD; β-[d]{.smallcaps}-glucose from *Aspergillus niger*) was immobilized on the graphene surface with a pyrene linker through the π-π stacking interaction ([@R35], [@R36]). The part where GOD is linked to the pyrene by the amide bond was generated through the nucleophilic substitution reaction of *N*-hydroxysuccinimide ([@R36]). When glucose passes through the graphene channel of this sensor, it can be oxidized by GOD. After the oxidation, the reduced GOD can be oxidized again by reacting with oxygen molecules, which results in the formation of hydrogen peroxide as a by-product. This hydrogen peroxide is also decomposed, producing oxygen, protons (H^+^ ion), and electrons ([@R14], [@R16], [@R37]). The protons cause the positive charge transfer effect of the graphene channel (p-type). The main reactions that occurred on the graphene channel are presented in fig. S11. Because the major carrier density is proportional to the glucose concentration, we can detect the relative change in resistance (Δ*R/R*~0~) of the sensor as a function of the glucose concentration generated from the above reaction processes ([@R14], [@R38]). However, the continuous formation of H~2~O~2~ can degrade the enzymatic activity of GOD, lowering the sensitivity of this glucose sensor. Therefore, to remove H~2~O~2~ immediately, catalase (CAT), which can decompose H~2~O~2~ into H~2~O and O~2~, was coimmobilized with GOD on the surface of the graphene channel ([@R39]). The use of CAT improved the sensitivity of the sensor by increasing the enzymatic activity of GOD ([Fig. 4A](#F4){ref-type="fig"}). The average glucose levels of tears for normal people are in the range of 0.2 to 0.6 mM, but this average can exceed 0.9 mM for people with diabetes ([@R40]), and this sensor can detect these wide ranges ([Fig. 4B](#F4){ref-type="fig"}). The relative change in resistance (Δ*R/R*~0~) of this sensor decreased linearly with the glucose concentration, as shown in the inset of [Fig. 4B](#F4){ref-type="fig"}. The response time of the sensor is defined to be the time required for the sensor to reach 90% of the response. Therefore, the response time is measured as \~1.3 s, as shown in fig. S12. In addition, the sensitivity is defined as the slope of calibration curve (the inset of [Fig. 4B](#F4){ref-type="fig"}), so the sensitivity is calculated as approximately −22.72%/mM. The measured signal-to-noise ratio (SNR) at 0.1 mM was 23.87, and the minimum detectable concentration (for the case of an SNR of \~3) was approximately estimated to be about 12.57 μM. Because human tears contain various species besides glucose, the selectivity of this sensor to glucose was tested using (i) a buffered solution and (ii) a solution of artificial tears. After adding glucose at the desired concentrations to these two solutions, the response (Δ*R/R*~0~) of this sensor was compared to these two cases. The deviation from the sensor response (Δ*R/R*~0~) was not significant for the cases of buffered or tear solutions, as shown in [Fig. 4C](#F4){ref-type="fig"}, which indicates that other species in tears (besides glucose) had a negligible interference with this glucose sensor. In addition, the glucose sensor integrated on a soft contact lens was stretched, and its response was measured during the stretching. [Figure 4D](#F4){ref-type="fig"} shows that the glucose sensor with the hybrid substrate has a negligible change in its resistance for a tensile strain of up to 30%, unlike the glucose sensor on a bare elastomeric film (with no use of the hybrid substrate). Despite the use of the soft lens, the location of this sensor on the reinforced part of the hybrid substrate prevents it from being damaged by mechanical deformations of the soft contact lens.

![Characterization of the glucose sensor.\
(**A**) Difference in response between glucose concentrations of 0.1 and 0.9 mM for the sensor with GOD functionalization (black) and GOD-CAT functionalization (red). (**B**) Real-time continuous monitoring according to the glucose concentrations (inset, calibration curves of the glucose sensor). (**C**) Electrical response for the sensors with different solutions (red, buffered solution; blue, solution of artificial tear). Each data point indicates the average for 10 samples, and error bars represent the SD. (**D**) Relative changes in the resistance of glucose sensor as a function of tensile strain (red, sensor on the hybrid substrate; black, sensor on the elastomeric film with no use of the hybrid substrate).](aap9841-F4){#F4}

This glucose sensor was integrated with the wireless display (the LED pixel, rectifying circuit, and antenna) using the hybrid substrate as a fully functional smart contact lens. After fabricating the wireless display on the hybrid substrate, the Cu sacrificial layer was etched away to delaminate the sample. Subsequently, a parylene layer was partially etched to passivate the entire device region, except the channel part of the sensor to detect the glucose solution. The graphene channel was transferred onto this IC. Subsequently, these integrated components were embedded inside a soft contact lens using the molding process (movie S1). During this molding step, the graphene channel was open and locally uncovered by the lens material (silicone elastomer) for the physical contact of the channel with tears. Finally, GOD and CAT were immobilized on the surface of graphene to serve as a glucose sensor. [Figure 5](#F5){ref-type="fig"} (A and B) shows a schematic illustration and a photograph of the fully integrated contact lens, respectively. The AgNF-based electrodes and devices in the resulting smart contact lens are passivated by the parylene layer such that this passivation layer of parylene, as a diffusional barrier, prevents the leakage of AgNFs and simultaneously ensures the protection of the AgNFs from tear fluid ([@R41]). As presented in [Fig. 5C](#F5){ref-type="fig"}, the resulting lens can prevent interference with the wearer's field of vision by placing the opaque components (LED and metal patterns) outside the human pupil and by matching the refractive indices of the reinforced material and the silicone elastomer with negligible deviation (Δ*n* = 0.003). The long-term stability of this smart lens was studied for repeatability during multiple usage by storing in an artificial tear solution for up to 48 hours. There is negligible degradation of the response even after 48 hours, which suggests that the enzymes maintain their activity for at least 48 hours (fig. S13A). In addition, this lens also showed nearly constant output voltages through the antenna-rectifier even after 48 hours because they are passivated by the hybrid substrate and parylene, which can act as a diffusional barrier (fig. S13B). Furthermore, its mechanical stability against the cyclic deformation was also investigated. After 5000 cycles of stretching and releasing with the tensile strain of 30%, the smart contact lens operated stably with negligible degradation (fig. S13C). Because the average glucose level of tears for fasting diabetic patients typically exceeds 0.9 mM and the concentration for fasting people without diabetes is below 0.6 mM ([@R39]), a glucose concentration of 0.9 mM was chosen in our circuit as the threshold to diagnose diabetes with the LED on/off indication. This threshold can be tuned simply by changing the resistance of the sensor. As the glucose concentration in tear fluid increases, the resistance of the sensor is reduced. This reduction in the sensor resistance decreases the resistance of the parallel circuit of the LED and sensor ([Fig. 1B](#F1){ref-type="fig"}). However, the resistance of other components in this system is unchanged. This results in the reduction of the bias applied to the parallel circuit of the LED and sensor under the constantly applied voltage condition. Therefore, the bias applied to the LED pixel and the luminance of the LED decrease as the glucose concentration increases until the threshold (fig. S14). When the glucose concentration is above 0.9 mM, this pixel turns off because the bias applied to the LED becomes below than its turn-off voltage. [Figure 5D](#F5){ref-type="fig"} shows a live rabbit wearing this smart contact lens for an in vivo test. After putting this soft lens onto the rabbit's eye, we were able to wirelessly monitor the increase of the glucose concentration above the threshold by observing the LED on/off operation. For the glucose concentration of more than 0.9 mM, the LED turned off, as shown in right image of [Fig. 5D](#F5){ref-type="fig"} and movie S3. The rabbit showed no signs of abnormal behavior, and this smart lens remained stable during repeated eye blinks. The stable status of the smart contact lens was proven by the operations with higher power transfer (movie S3). The higher power induces the increase of current in the LED to turn it on, although the resistance of the sensor is reduced by glucose. Hence, the LED pixel turned off because the glucose concentration was over the threshold, not because of damage to the circuit. The design is such that the LED turns off when the high glucose level is detected, which is counterintuitive. Therefore, a design improvement for a smart lens system that provides an intuitive status to support usability represents a promising area for future work (for example, monitoring the level of biomarkers via a smartphone). Furthermore, the heat generation was monitored using an infrared camera during the wireless operation of this lens ([Fig. 5E](#F5){ref-type="fig"} and movie S4). Although the rabbit was wearing the wirelessly operating lens circuit, the temperature of this lens device was maintained at \~37°C without any significant generation of heat. Although the wireless power transfer from the transmitting coil to the lens increased the temperature of this transmitting coil to \~42°C, which was slightly higher than the temperature of the surroundings, its wireless function prevented this coil from touching the rabbit's eye or eyelid with a gap of \~5 mm. Furthermore, according to simulation results for specific absorption rate (SAR) for a person, the maximum SAR value of our smart contact lens system was 1.399 W/kg (fig. S15), which is much lower than the regulation value (10 W/kg) ([@R42]).

![Soft, smart contact lens for detecting glucose.\
(**A**) Schematic image of the soft, smart contact lens. The rectifier, the LED, and the glucose sensor are located on the reinforced regions. The transparent, stretchable AgNF-based antenna and interconnects are located on an elastic region. (**B**) Photograph of the fabricated soft, smart contact lens. Scale bar, 1 cm. (**C**) Photograph of the smart contact lens on an eye of a mannequin. Scale bar, 1 cm. (**D**) Photographs of the in vivo test on a live rabbit using the soft, smart contact lens. Left: Turn-on state of the LED in the soft, smart contact lens mounted on the rabbit's eye. Middle: Injection of tear fluids with the glucose concentration of 0.9 mM. Right: Turn-off state of the LED after detecting the increased glucose concentration. Scale bars, 1 cm. (**E**) Heat tests while a live rabbit is wearing the operating soft, smart contact lens. Scale bars, 1 cm.](aap9841-F5){#F5}

DISCUSSION
==========

In conclusion, we developed a method to fabricate a soft, smart contact lens that can monitor glucose levels in tears to indicate the diabetic condition in real time through a display with wireless operations. For this smart lens, electronic components (that is, the glucose sensor, LED pixel, rectifier circuit, and the stretchable, transparent antenna) were integrated onto the mechanical stress-tunable hybrid substrate with well-matched refractive indices for high optical transparency and low haze. After molding this to the round shape of the soft contact lens, the integrated electronic system operated reliably during mechanical deformations, including bending and stretching. This rapid molding approach, together with conventional processing steps (for example, photolithography and metallization by evaporation), can represent its potential for large-scale mass production. The in vivo tests using a live rabbit, including the monitoring of the temperature change on the rabbit's eye, provided the substantial promise of future smart contact lenses for noninvasive health care monitoring using human eyes and tears.

MATERIALS AND METHODS
=====================

Preparation of the hybrid substrates
------------------------------------

For the hybrid substrate, an 800-nm-thick Cu film was evaporated as a sacrificial layer on a Si wafer. Optical polymer (SPC-414, EFiRON) was spin-coated (1500 rpm for 30 s) for the thickness of 50 μm and photolithographically patterned as reinforced parts. Subsequently, an elastic polymer (elastofilcon A, CooperVision) mixing base and a curing agent with the ratio of 10:1 were also spin-coated (1000 rpm for 30 s) for the thickness of 100 μm and cured at 100°C for 1 hour. After that, the Cu sacrificial layer was etched by the diluted etching solution of FeCl~3~/HCl/H~2~O \[1:1:20 (v/v)\] to delaminate the hybrid substrate from the Si wafer.

For the SU8-based hybrid substrate, SU8 3050 (MicroChem Corp.) was spin-coated (3000 rpm for 30 s) to a thickness of 50 μm and patterned as reinforced parts. The next steps were identical to the optical fiber polymer-based hybrid substrate.

Embedding of the hybrid substrate or the IC in the contact lens
---------------------------------------------------------------

For the embedded structures, the hybrid substrate or the fabricated circuit on the hybrid substrate was placed within the mold for the contact lens. Subsequently, the contact lens material was fulfilled and thermally cured in 100°C for 1 hour, with pressing at 313 kPa. After curing, the hybrid substrate or IC embedded in the contact lens was detached from the mold.

Fabrication of the wireless display on a smart contact lens
-----------------------------------------------------------

To assemble the stretchable and transparent antenna for wireless power transition, the AgNFs were simultaneously electrospun on the sample where the rectifier circuit was manufactured. Then, the electrospun AgNFs were patterned by photolithography and a wet etching process. After that, the LED pixel was bonded to the circuit by a silver epoxy glue. Subsequently, the hybrid substrate was manufactured on the sample, and then, the sacrificial layer was etched to delaminate the wireless display. The molding process for the contact lens shape was identical with the embedding of the hybrid substrate or the IC in the contact lens.

Fabrication of glucose sensor
-----------------------------

For the characterization of the glucose sensor, on a Si wafer with a 300-nm-thick thermal oxide layer (for electrical measurements), Cr/Au (3:100 nm), which served as source and drain, was evaporated and patterned by photolithography. Subsequently, a graphene layer synthesized by chemical vapor deposition (CVD) was transferred onto the sample and patterned by photolithography to form the channel (width, 300 μm; length, 500 μm) simultaneously. Then, the SU8 layer was patterned to open only channel regions to functionalize the graphene channel. To immobilize GOD and CAT on the graphene channel for the efficient detection of glucose, the fabricated sensor was placed in 1-pyrenebutanoic acid succinimidyl ester (1 mg/ml; Sigma-Aldrich) in methanol for 2 hours at room temperature, followed by cleaning with clean methanol. After that, the sensor was placed in GOD (10 mg/ml; Sigma-Aldrich) and CAT (2.0 mg/ml; Sigma-Aldrich) in deionized (DI) water for 18 hours at room temperature, rinsed with clean DI water, and then dried with nitrogen gas.

For the integration of glucose sensor with wireless display, the wireless display for the smart contact lens was delaminated from handling wafer by etching the Cu layer. Subsequently, the parylene layer was partially etched to integrate the electrodes and graphene channel. After that, the graphene channel was transferred to form the sensing channel, and embedding this wireless display sensor in the contact lens was conducted in the same manner as the embedding of the wireless display in the contact lens after the graphene channel was covered by the silaned polydimethylsiloxane mask. The immobilization procedure for the glucose sensor was identical with the above process.

Rabbit experiments
------------------

All in vivo studies were conducted according to the guidelines of the National Institutes of Health for care and use of laboratory animals and with the approval of the Institute of Animal Care and Use Committee of the Ulsan National Institute of Science and Technology (UNIST) (UNISTIACUC-16-19). The Institute of Animal Care and Use Committee of UNIST was the ethics review committee. For the in vivo experiments, a male New Zealand white rabbit was used.
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fig. S1. Fabrication processing steps of the hybrid substrate.

fig. S2. AFM data analysis.

fig. S3. Optical transmittance (black) and haze (red) spectra of the silicone elastomeric film.

fig. S4. The variation of optical properties against mechanical stretching of the hybrid substrate (from 0 to 30% in tensile strain).

fig. S5. Original image for the photograph test to identify the clarity of hybrid substrate.

fig. S6. Wireless display circuit composed of an antenna, a rectifier, and an LED pixel.

fig. S7. Fabrication procedures of wireless display on the hybrid substrate.

fig. S8. Characteristics of the stretchable, transparent AgNF electrode as antenna.

fig. S9. Characteristics of the Si diode and SiO~2~ capacitor.

fig. S10. Sequential schematic images to transform to the lens shape.

fig. S11. Mechanism of glucose sensing on graphene channel.

fig. S12. The magnified real-time sensing result (at the first detection of glucose level) to verify the response time.

fig. S13. Stability of the smart contact lens system.

fig. S14. The relationship between the glucose concentration and luminance of the LED.

fig. S15. SAR simulation result.

table S1. Comparison with other noninvasive glucose monitoring technologies.

movie S1. Embedding procedure of the hybrid substrate in the contact lens.

movie S2. Wireless operation of wireless display with lens shape.

movie S3. In vivo test of soft, smart contact lens for wireless operation.

movie S4. In vivo test of soft, smart contact lens for heat generation test.
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